The heat transfer and energy storage performance of methane reforming with carbon dioxide in a semi-cavity reactor catalyzed by Ni/Al2O3 are numerically investigated. The concentrated solar energy flux is calculated by Gaussian distribution model, and the heat losses of radiation and convection in semi-cavity reactor are reduced by considering the angle factor. The simulated methane conversion and thermochemical storage efficiency have good agreements with previous experimental data. The simulation results indicate that the higher operating temperature promotes the methane reforming reaction, so the methane conversion obviously increases with the operating temperature. As DNI (direct normal irradiation) increases, the methane conversion increases, while the thermochemical storage efficiency first increases and then decreases. Compared with tubular reactor, the methane conversion of semi-cavity reactor increases for 13.2%, and the thermochemical storage efficiency get an increase of 12.9%. When the inlet velocity rises, the fluid temperature decreases with heat loss increasing, the methane conversion remarkably decreases with the residence time decreasing, and the thermochemical storage efficiency has a maximum.
Introduction
There is a great potential on catalyst development and optimize the operating conditions and reactor design, because it enable the CO 2 /CH 4 reforming reaction to be conducted in the most effective manner [1] [2] [3] . Thermochemical energy storage has attached much attention because of its high energy density, low energy loss and easy to transport products. One of the most attractive thermochemical energy storage processes is methane reforming with carbon dioxide, because it has sufficiently large reaction enthalpy, appropriate temperature region for the positive and reverse reactions [4] . CO 2 /CH 4 is a promising way to convert solar energy into chemical energy of fuels. The methane reforming with carbon dioxide chiefly consists two reactions. The main reaction is: CH 4 +CO 2 ↔2CO+2H 2 ΔH 1 =247kJ/mol (1) The side reaction named reverse water gas shift is described as: CO 2 +H 2 ↔CO+H 2 O ΔH 2 =41kJ/mol (2) Another significant contributor impact on the methane reforming is reactor structure. A volumetric reactor for methane reforming was tested by the Solar Tower Test Facility by Wörner et al. [5] , and the results showed that the methane conversion was 80%. Levitan et al. [6] investigated a tube reactor which was inserted in a tubular receiver heated by a 20kw solar furnace. Wang et al. [7, 8] proposed a 2D A p pre-exponential factor (-) S w wall surface volumetric reactor model which considered the internal heat transfer between the solid phase and fluid phase by heat convection and radiation. Lu et al. [9] experimentally and numerically researched the methane conversion and storage efficiency of methane reforming reaction under different inlet flow rate, operating temperature and reactant ratio. Yu et al. [10] developed a 3D tubular reactor heated by a solar dish model to obtained a optimal DNI and catalyst bed length for methane reforming. Klein et al. [11] researched the influence of different CH 4 /CO 2 ratio and different heating temperature to methane reforming reaction in a particle reactor without mental catalyst. The heat and mass transfer within the reactor can be further studied by numerical simulation.
The semi-cavity can effectively reduce the heat loss of the reactor from former experimental research [10] , while the numerical simulation was not discussed according in former investigation and associated research is very few. In this paper, the semi-cavity reactor heated by solar dish is used to decrease the heat loss from tubular reactor, and its heat transfer and energy storage performance for methane reforming with carbon dioxide are numerical investigated. In 3D numerical model, the concentrated solar energy flux is calculated by Gaussian distribution model, and the heat losses of radiation and convection in semi-cavity reactor are reduced by considering the angle factor. The investigation obtains a optimal reactant flow rate for methane conversion and energy storage efficiency in semi-cavity reactor. In addition, the results confirm that the methane conversion and thermochemical storage efficiency in the semi-cavity reactor both increase observably compared with tubular reactor.
Semi-cavity reactor description
In this article, a semi-cavity reactor for methane reforming with carbon dioxide was installed on a solar dish system. The semi-cavity reactor is made of stainless and involves five tubes. The outer diameter and inner diameter of the tube are 30mm and 26mm respectively, and its length is 600mm. The catalyst bed with length of 300mm is packed with Ni/Al 2 O 3 , and the diameter of the catalyst particle D p is 3.0±0.3 mm. The positive side of reactor is heated by concentrated solar energy flux, and the back side is adiabatic. The semi-cavity reactor was illustrated in Figures 1 and 2 are the semi-cavity reactor schematic diagram and reaction tube structure respectively. 
Mathematical model
According to the experiment, a 3D numerical model for methane reforming with carbon dioxide in a semi-cavity reactor is established to reveal the temperature and species concentration distributions. The model assumes that the whole thermochemical process is a steady state and the reactant flow within the pore channel of porous is laminar. In addition, the reactor is divided to a solid zone of stainless steel tube wall and a fluid zone involves porous and reactant flow.
Governing equations
The energy equation of the reaction tube wall is expressed as:
where k w here denotes the thermal conductivity of the stainless steel and the T w denotes the wall temperature.
For fluid zone, the mass conservation equation is:
where ρ f is the density of the fluid and u i is the fluid velocity. The momentum conservation equation for porous medium reactor is expressed as:
where μ is the viscosity, and S m,j is the momentum source term which including the viscous loss term and inertial loss term. It can be calculated as:
The permeability α and inertial loss coefficient C 2 here in each component dirction can be respectively expressed as [12] : 2 3 3.5 (1 )
(7b) where D p is the mean size of catalyst and the γ is the porosity.
The energy equations of fluid zone and solid phase are:
, ,
where c p,f and c p,s are the heat capacity of the fluid and solid phase respectively, T f and T s delegate the temperature of the fluid and solid phase respectively. In addition, k eff,f and k eff,s are the effective heat conductivity of the fluid phase and solid phase respectively, and they can be calculated as [13] : 
where h fs is the volumetric convection heat transfer coefficient between the fluid phase and the solid phase in the porous zone within reaction tube, and it can be calculated as [14] : In this model, the thermochemical process is considered as a volumetric reaction and the reaction rate accord with the Arrhenius expression as:
where A p is pre-exponential factor and E a is activation energy.
The concentrated solar energy flux is calculated by Gaussian distribution model as the heating condition on the positive side of the reactor and it can be expressed as [9, 11] :
where C R represents the focal concentration ratio and η is the solar dish system efficiency.
The boundary condition for heating surface of the reactor tube facing to the solar dish is considered as:
where A is the angle factor, and h h is the natural convection heat transfer coefficient at the heating side of tube, ε denotes the radiation emissivity of the stainless steel and σ is the Stefen Boltzmann constant. In addition, T w and T 0 are the wall temperature and surrounding temperature respectively.
The boundary condition of back side of reactor can be expressed as follow:
where h a denote the convection heat transfer coefficient of the heat loss from the outside back surface to the ambient through the insulation layer.
In the present simulation, the convective heat transfer coefficient considering natural convection and wind h h =18W/m 2 K, and the heat transfer coefficient of heat loss in the back side h a =4W/m 2 K. The ambient temperature T 0 is 298K, and the emissivity of the heating surface is 0.93. The activation energy and pre-exponential factor of the main and side reactions of the methane reforming with carbon dioxide are defined as followings [15] : A p1 =1.201×10 6 , E a1 =58 kJ/mol and A p2 =3.9×10 4 , E a2 =16.3 kJ/mol. A mixture flow enters the reactor from the tube inlet with a temperature of 298K and CH 4 /CO 2 ratio of 1. In present study, the methane reforming is analyzed by using finite volume method (FVM) by Fluent software. Table 1 shows the experimental [10] and simulation results with the inlet reactant flow 2-6 L/min and DNI 452.4-598.5W/m2. The simulation result has good agreement with the experimental data, and the maximum deviations of the methane conversion and thermochemical storage efficiency are respectively 3.3% and 9.1%. Thus, 3D model in this paper is suited for the methane reforming reaction in the semi-cavity reactor and it can be applied to analyze the thermochemical energy storage performance. Figure 3 The temperature distribution of reactor Figure 3 shows the temperature distribution of the symmetry plane of the reactor, where F=20L/min, DNI=500W/m 2 . Along the flow direction, the solid and fluid temperature both first increase and then decrease toward the outlet. The highest temperature is observed near the center of the reactor as the concentrated energy flux is maximum. And the temperature distribution at different position along the xaxis (x=250mm, 300mm, 350mm) also illustrated in Fig.3 . Because the heat transfers from the heating 
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c h s side to the back side, the temperature of the heating side is higher than back side in the front region of the tube. In the behind region, the temperature of the back side is higher than the positive side, because the heat loss is larger than the concentrated energy. Figure 4 presents the methane mole fraction distribution within the reactor. The methane mole fraction does not change in the inlet region as there is no catalyst. The methane mole fraction dramatically decreases with the temperature increases to the reaction temperature at the middle region packed with catalyst. At the end region as x=450mm, the mole fraction almost not changes because the chemical reactions come to a halt. In the cross section of reactor, the methane fraction decreases from the heating side to the back side. Figure 4 Methane mole fraction distribution Figure 5 presents the main reaction rate in the reactor. In the inlet region (x=150 mm) and outlet region (x=450mm), the reaction rate is zero because of no catalyst. In the catalyst zone, the reaction rate slowly increases at first, because the temperature is not too high enough, and then the reaction rate remarkably rises with the temperature increase. In the catalyst zone, there is no reverse reaction for high enough temperature, so it is expected to enhance the methane conversion. Because the front side temperature is higher than the back side, the reaction rate decreases from the front side to the back side. the reaction rate dropping. When the inlet flow rate increases, the thermochemical storage efficiency rapidly rises at first, and then it drops with high flow rate. The thermochemical storage efficiency first increases at low flow rate because the larger reactant flow rate means the higher reaction rate and more solar energy converses to chemical energy. When the reactant flow rate continues to increase, the residence time becomes the main reason to impact the reaction, and then the thermochemical storage efficiency decreases at high flow rate. The smaller DNI corresponds to a smaller optimal reactant flow rate for the maximum thermochemical storage efficiency. As a conclusion, there exists a maximum thermochemical storage efficiency when the reactant flow rate increases, and the maximum thermochemical storage efficiencies are 62.7%, 54.5% and 48.1% with DNI of 300W/m 2 , 500 W/m 2 and 700 W/m 2 , and the optimal flow rates are 24L/min, 36L/min and 44L/min respectively. In addition, a low DNI is suitable for a low reactant flow rate.
(a) Methane conversion (b) Thermochemical storage efficiency Figure 6 Methane conversion and thermochemical storage efficiency of the semi-cavity reactor under different DNI and flow rate Figure 7 illustrates the methane conversion and thermochemical storage efficiency of the semi-cavity reactor under different angle factor and flow rate. As the aperture increases, the angle factor rises, and the heat loss of reactor also remarkably increases. As shown in Figure 7 , both the methane conversion and thermochemical storage efficiency increase quickly with the angle factor decreasing. In addition, the angle factor has little influence on the optimal reactant flow rate, while the larger angle factor causes lower maximum thermochemical storage efficiency. Compared with the semi-cavity reactor (A=0.716) and tubular reactor (A=1.0), the methane conversion and thermochemical storage efficiency respectively increases for 13.3% and 12.9%. 
conclusions
In this article, the heat transfer and energy storage performance for methane reforming with carbon dioxide in the semi-cavity reactor heated by solar dish are numerically investigated, and the semi-cavity reactor is used to decrease the heat loss from tubular reactor. A 3D numerial model is established by considering semi-cavity structure and concentrated solar energy flux with Gaussian distribution, and then it is used to reveal the temperature and species concentration distributions inside the reactor. Along the flow direction, the solid and fluid temperature both first increase and then decrease toward the outlet, and the main reaction rate also reaches maximum in the middle region. When the reactant flow rate rises, the methane conversion decreases, while there exists a maximum thermochemical storage efficiency under optimal reactant flow rate. Compared with the tubular reactor, the methane conversion and thermochemical storage efficiency in the semi-cavity reactor respectively increases for 13.3% and 12.9%.
